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Abstract
The research of this thesis was concerned with practical aspects of Computational 
Fluid Dynamics (CFD) based fire modelling software, specifically its application and 
performance. Initially a novel CFD based fire suppression model was developed 
(FIREDASS). The FIREDASS (FIRE Detection And Suppression Simulation) 
programme was concerned with the development of water misting systems as a 
possible replacement for halon based fire suppression systems currently used in 
aircraft cargo holds and ship engine rooms. As part of this programme of work, a 
computational model was developed to assist engineers in optimising the design of 
water mist suppression systems. The model comprised of the following components: 
fire model; mist model; two-phase radiation model; suppression model; 
detector/activation model. The fire model uses prescribed release rates for heat and 
gaseous combustion products to represent the fire load. Typical release rates for heat 
and combustion products have been determined through experimentation. The 
radiation model is a six-flux model coupled to the gas (and mist) phase. The mist 
model is based on Lagrangian particle tracking. Only the fire and suppression model 
will be described in detail in this thesis as this constituted the author's contribution to 
FIREDASS. This work highlighted a number of issues associated with the application 
of CFD fire modelling software used in design of fire safety systems. The first issue 
was the reliability of CFD based fire predictions while the second was a practical 
issue associated with the amount of time required to run CFD fire models in a 
practical design environment. The remainder of the thesis is concerned with 
addressing these issues.
To address the first issue a set of procedures was developed to test the applicability of 
CFD fire modelling software. This methodology was demonstrated on three CFD 
products that can be used for fire modelling purposes. The proposed procedure 
involved two phases. Phase 1 allowed comparison between different computer codes 
without the bias of the user or specialist features that may exist in one code and not 
another by rigidly defining the case set-up. Phase 2 allowed the software developer to 
perform the test using the best modelling features available in the code to best 
represent the scenario being modelled. In this way it was hoped to demonstrate that in 
addition to achieving a common minimum standard of performance, the software 
products were also capable of achieving improved agreement with the experimental or 
theoretical results. A significant conclusion drawn from this work suggests that an 
engineer using the basic capabilities of any of the products tested would be likely to 
draw the same conclusions from the results irrespective of which product was used. 
From a regulators view, this is an important result as it suggests that the quality of the 
predictions produced are likely to be independent of the tool used - at least in 
situations where the basic capabilities of the software were used.
The second issue raised from FIREDASS was addressed by utilising Parallel 
Processing techniques on office based computer equipment. Parallel Processing has 
been used for many years in the field of computational modelling including fire 
modelling. Parallel processing distributes the computational task over a number of 
processors and therefore allows computational problems to be solved in a shorter 
timeframe essentially by utilising more computational power. The majority of this 
work has focussed on the use of specialised proprietary hardware generally based 
around the UNIX operating system. The majority of engineering firms that would
m
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benefit from the reduced timeframes offered by parallel processing rarely have access 
to such specialised systems. However, in recent years with the increasing power of 
individual office PCs and the improved performance of Local Area Networks (LAN) 
it has now come to the point where parallel processing can be usefully utilised in a 
typical office environment where many such PCs maybe connected to a LAN. 
Harnessing this power for fire modelling has great promise. Modern low cost 
supercomputers are now typically constructed from commodity PC motherboards 
connected via a dedicated high-speed network. However, virtually no work has been 
published on using office based PCs connected via a LAN in a parallel manner on real 
applications. The SMARTFIRE fire field model was modified to utilise multiple PCs 
on a typical office based LAN. It was found that good speedup could be achieved on 
homogeneous PCs, for example for a problem composed of-100,000 cells would run 
on a network of 12 PCs with a speedup of 9.3 over a single PC. A dynamic load 
balancing scheme was devised to allow the effective use of the software on 
heterogeneous PC networks. This scheme also ensured that the impact of the parallel 
processing on other computer users was minimised. This scheme also minimised the 
impact of other computer users on the parallel processing performed by the FSE.
IV
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1 Introduction
Traditionally Fire Safety Engineers (FSEs) tend to work with prescriptive regulations. 
These consist of a set of rules that if followed will ensure that the design is compliant 
and should achieve acceptable safety limits by specifying exits, number and location 
of sprinklers, fire doors, etc. Approval authorities follow prescribed codes when 
inspecting systems with a checklist (or tick box) type approach. Prescriptive codes are 
built up over time and represent our experience and knowledge of past fires under a 
set of "known" conditions. The problem with prescriptive codes is that they are not 
based on fundamental science. This leads to difficulties in applying codes to novel 
building designs outside the regime of experience. As the prescriptive codes are a 
simple set of applied rules they are unable to quantify a level of safety.
The current trend in fire safety is towards performance based codes. For instance, 
performance based codes have been adopted in the UK since 1993. In performance 
based codes the safety requirements are stated as goals rather than as absolute 
requirements. Performance based codes are scientifically based but the safety analysis 
conducted by the FSE is also more complex than would be necessary if a prescriptive 
based code was applied. This allows engineers to be more flexible in their designs but 
these designs need to be at least as safe as would have been obtained using a 
prescriptive code.
A typical example of a prescriptive code might state that "the maximum distance to a 
building exit shall be less than 100 feet". In a performance based code the equivalent 
requirement would read as "all occupants must have time to reach a safe place". The 
performance code requirement has the advantage of applying whether the occupants 
are high school students or nursing home residents. In a performance based 
environment the prescriptive code's checklist approach is not applicable and a more 
sophisticated risk analysis is necessary. Computer models are a tool for assessing the 
performance of a safety system. With the advent of high performance Personal 
Computers (PCs), computer based fire modelling techniques have become 
increasingly accessible to FSEs and approval authorities. In fire modelling there are
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two basic computer models available, these are zone modelling and Computational 
Fluid Dynamics (CFD).
Zone models are based on empirical data and can produce useful results very quickly. 
This approach divides the compartment into a number of distinct zones in which the 
composition and temperature is considered to be relatively uniform within each zone. 
In the simplest model two zones are used. These are the "hot layer" where the hot 
gases would reside near the ceiling and the "lower layer" which represents the rest of 
the compartment. In each zone variables are assumed to be constant but can vary with 
time. Conservation equations for mass and energy are derived in the form of ordinary 
differential equations that can then be solved numerically. Zone models can also 
include more advanced effects of the plume, radiation, convective energy losses 
through walls and the fire spread over solid fuel surfaces [Karl992, QRJ1995]. 
CFAST is an advanced zone model developed by National Institute of Standards and 
Technology (NIST) capable of predicting the fire environment in a multi- 
compartment structure [JFPR2000]. CFAST also has the capability to be extended by 
the user to include extra physical phenomena.
However, as more complex problems are addressed the weakness of the zone model 
approach becomes apparent. For a number of fire situations determination of a 
suitable zoning system may not be apparent. The model also has to include a number 
of empirical relationships and constants that may not be valid in certain situations. 
Furthermore the underlying assumption that the uniform fire characteristics such as air 
temperature, density and smoke concentration are held in each zone may break down 
in complex fire scenarios [Gal 1989].
The second type of fire model available to the FSE is the CFD based fire field model, 
which allows far more complicated modelling but requires far greater computing 
resources than zone modelling. This has become increasingly more attractive as 
computing power becomes more affordable. Fire field modelling is more versatile and 
requires less empirical relations due to the model being based on more fundamental 
physics. The fluid flow (air) is described by a set of three-dimensional, partial 
differential equations. These equations include the continuity equations, the three 
momentum equations, the enthalpy equation, equations for turbulence modelling and
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any other conserved quantity that the user may be interested in. A CFD model can 
solve these equations numerically giving a set of values at discrete points in time and 
space. CFD based fire field models have been used to model fires in a number of 
different environments.
Fire field modelling software has been used to model actual fire accidents for forensic 
examination. The use of such software has enabled insights to be made into how and 
why the fire spread and also allows investigation of how safety measures could be 
implemented to reduce fatalities or structural damage. Examples include the King's 
Cross Underground Station fire [SWJ1992], Gothenburg dance hall fire [YH2001], fire 
in a school [CF2001], a fire in a Cash and Carry warehouse [Cam2001] and a fire in a 
residential enclosure [MV2000].
Fire modelling software is more frequently required for the design process to test the 
fire safety of a particular design. This includes high rise buildings [GBH1996], aircraft 
[GGPM1998a], atrium [Coxl990] and power stations [Huhl989].
FIREDASS [Fir, Goo2000, MGG+2000, GGPM1998a, GGPM1998b, Odil999, 
OM1998, OM1998, KB1997, Kerl997b, KSBM2000, MGPG1998, GGPM1999] was 
motivated by the need to find a suitable fire suppression agent to replace halon in 
aircraft cargo bays [Maul990]; water mist was investigated as a possible replacement. 
This ambitious project resulted in the creation of a complex, state of the art, CFD based 
fire computer model [MGG+2000, GGPM1998a, GGPM1998b, Fir] that was capable 
of fully modelling the interactions between a fine water mist, the radiation field, oxygen 
concentration, and the fire load within an enclosure. The interaction between the fire 
and the mist is modelled using a suppression criterion developed by SINTEF and 
implemented by the author. In addition the model allowed the use of virtual sensors to 
monitor physical properties which could then be used to control the water mist 
suppression using a range of possible control algorithms.
An outcome from this work was that despite a suitable model being developed, the 
FSEs were unlikely to use the FIREDASS fire field model due to: - 
  Lack of confidence in the fidelity of the results.
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  The cost, in terms of both time and money, of running CFD based fire models.
The lack of trust in CFD methods is not limited to FSEs. The American Institute of 
Aeronautics and Astronautics reported "One of the primary factors in the rate of 
growth of CFD as a research and engineering tool in the future will be the level of 
credibility that can be developed in the simulations produced' [AIAA1998].
This outcome has motivated the work of this thesis. This work addresses: -
  The lack of confidence FSEs may have in a particular CFD model and the CFD 
fire modelling methodology in general.
  The time taken to run a CFD fire simulation by decreasing the wall clock time 
required using inexpensive and readily available computer equipment
1.1 Increasing trust and acceptance of CFD for Fire Modelling
Although CFD can be an extremely useful tool for a FSE, the problem that now faces 
the FSE is whether they can trust the results produced by CFD software. In order to 
lend confidence to CFD software there are two basic checks available, verification 
and validation. Verification is "The process of determining that a model 
implementation accurately represents the developer's conceptual description of the 
model and the solution of the mode?' [AIAA1998]. This is normally done by 
comparing the model to some known analytical solution. Validation is "The process of 
determining the degree to which a model is an accurate representation of the real 
world from the perspective of the intended uses of the moder [AIAA1998]. This is 
normally performed by comparison with benchmarking data derived from experiment. 
Similar definitions have been put forward by the International Standards Committee 
(ISO) for assessment of fire modelling software in the ISO/TR 13387-3 document 
[ISO1999].
Within the fire modelling community, testing of fire field models has usually 
completely ignored the underlying CFD engine and focussed on the fire model. Thus, 
when numerical fire predictions fail to provide good agreement with the benchmark 
standard, e.g. the experimental results, it is not certain if this is due to some 
underlying weakness in the basic CFD engine, the fire model or the manner in which
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the problem was set-up (i.e. questions of user expertise). Furthermore, the case that 
was being used as the benchmark/standard was usually overly complex or cannot be 
specified to the precise requirements of the modellers. All of this is often to the 
benefit of the code developer/user as it allows for a multitude of reasons (some may 
say excuses) to explain questionable agreement.
Furthermore, what fire modelling testing has been undertaken was usually done in a 
non-systematic manner, performed by a single individual or group and is generally 
based around a single model. Thus it is not generally possible for other interested 
parties to exactly reproduce the presented results (i.e. verify the results) or to apply 
the same protocol to other models. This makes verification of the results very difficult 
if not impossible and the comparison of one model with another virtually impossible.
A set of benchmarks/standards is required which allow a judgement to be made on 
whether or not a particular piece of software is appropriate for a particular scenario. 
Currently there is no objective procedure that assists an approval authority in making 
such a judgement. The approval authority must simply rely on the reputation of the 
organisation seeking approval and the reputation of the software being used. In 
discussing this issue it must be clear that while these efforts are aimed at assisting the 
approval authorities, there are in fact three groups that are involved, the approvals 
authority, the general user population and the model developers. Ideally, the proposed 
standards/benchmark should be of benefit to all three groups. In proposing the 
standards/benchmark, it is not intended that meeting these requirements should be 
considered a SUFFICIENT condition in the acceptance process, but rather a 
NECESSARY condition. Finally, the benchmarks are aimed at questions associated 
with the software, not the user of the software.
1.2 CFD as a practical and economic tool for a Fire Safety Engineer
From a practical engineering viewpoint, producing reliable results from a fire field 
code is only useful if these results can be produced within in a reasonable and 
economic timeframe. During the FIREDASS project, circa 1998, a typical runtime for 
useful engineering application (e.g. the cargo bay model) was ~140hrs running on a 
450Mhz DEC Alpha workstation. Despite the relatively high performance of modern
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day PCs (e.g. Pentium III/IV or AMD Athlon), possibly three times faster and six 
times cheaper than the DEC Alpha of 1998, there will always be a demand for more 
computational power to run more complex and computationally intensive cases in the 
shortest possible time. CFD based fire field codes are exceptionally computationally 
expensive compared to most pieces of software that will be run by a FSE within the 
design engineer's environment. There is always a demand for faster turnaround of fire 
modelling CFD simulations. This issue is partly being addressed by the improvements 
in PC technology with faster computers being produced. However, this trend can not 
continue indefinitely and even if this were possible there will always be demand for 
even more processing power.
An obvious strategy available to reduce runtime is to improve the speed of the 
software. This can be achieved by using improved algorithms for the overall solving 
strategy or for the individual solvers for each dependent variable. Many numerical 
solvers exist to solve the matrix equations formed by CFD formulations. These 
include the COM (Conjugate Gradient Method), BICG (BIConjugate Gradient), SOR 
(Successive Over Relaxation), JOR (Jacobi Over Relaxation) and TDMA (Tri 
Diagonal Matrix Algorithm) algorithms. These methods all have advantages and 
disadvantages when compared to one another and the most appropriate algorithm is 
largely problem dependent. In the SMARTFIRE [EGP+1999] software the use of the 
JOR and SOR solvers is generally recommended due to their greater numerical 
stability compared to the other methods.
Some speed up efficiencies can be obtained through optimised program coding 
strategies. A simple example demonstrates two methods to evaluate the same
expression ( A = cos 2 6 + 2cos0 + 5). The following line of computer source code:-
A = cos(theta) * cos(theta) + 2 * cos(theta) + 5 
Could be replaced with the following code fragment:-
C = cos(theta)
A = (C + 2)*C + 5
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The first obvious improvement is cos(theta) is only evaluated once. The second 
improvement is that the first example consists of 2 multiplication and 2 addition 
operations. The second example requires 1 multiplication and 2 additions saving on 1 
multiplication operation.
Group solving [Ewe2000] is another means of targeting the computational effort 
where it is required in the domain and reducing this effort in more stagnant regions. 
This method has lead to a 37.3% speedup [Ewe2000] for certain cases compared to 
the time normally taken by the CFD code with no detriment in the predicted values. 
Dynamic control of the solution procedure can also reduce the run time of a CFD code 
by optimising the relaxation factors of the solvers to reduce the number of iterations 
that are required to generate a converged result [JEG+2001].
The demand for increased computational power can also be met using parallel 
processing. Parallel processing techniques have been around for many years but have 
normally been the preserve of large-scale organisations and academic institutions due 
to the costs associated with purchasing the specialist hardware. Fire modelling has 
been performed using parallel processing techniques on specialised hardware in the 
past [IG1992, GI1992, GI1993, Stul997]. These costs can be prohibitive for many 
FSEs, however with the current state of the personal computer market it may be 
possible to usefully utilise these techniques with equipment they already possess. The 
use of parallel processing methods is not an alternative to the above or other software 
improvements but offers additional speed improvement.
1.3 Research Questions
The work of this thesis begins with the tackling of a practical engineering problem, 
the interaction of water mist with fire and the eventual suppression of the fire. As a 
result of this project, the direction of the research broadens to address two main issues 
associated with the practical application of CFD fire modelling, that of the reliability 
of CFD based fire simulation results and the expense, both in terms of time and 
money, to perform CFD based fire simulation.
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Can a suitable benchmark/standard for CFD based fire-modelling codes, which 
is free from manufacturer and user bias, be developed?
  Which types of problem should be selected for the benchmark process?
  What methods will reduce / eliminate user bias? Typically bias play a part in most 
validation processes as developers are allowed to use their own judgement in 
simulating a fire modelling scenario.
  How can software developers demonstrate features that differentiate their field 
model from other field models that exist?
  Can CFD methods in general be demonstrated to be useful for fire modelling?
Can parallel processing techniques be usefully applied to standard office based 
PCs to increase the computational power available to a FSE for the purposes of 
CFD based fire modelling?
  How much faster will the code run on a parallel processing system? Ideally this 
would be to the sum of the processing power of the computers involved in the 
parallel computation. In reality this is not even achieved on dedicated parallel 
processing hardware but can enough power be extracted from a network of PCs 
connected via a conventional LAN to make a useful resource for a FSE.
  What problem sizes can be tackled on a parallel processing system? Ideally this 
would be linearly related to the sum of the memory available on all the PCs, i.e. 
double the memory allows the problem size to be doubled.
  What are the limitations of PC parallel processing? At what point would the use of 
parallel processing become unprofitable. What is the potential future of using 
parallel processing on PCs with future developments of PC based technologies.
  Can methods be devised to efficiently take advantage of a network of 
heterogeneous (non-identical) PCs? A FSE's engineering environment may 
consist of non-identical computers that have no known performance benchmark. 
Ideally the parallel processing software itself should determine the performance of 
each of the computers used for parallel processing.
  Can performance improvements be made to the serial code without affecting the 
object-orientated structure of the code? There is little point in parallelising 
software if the performance can be easily speeded through modification to the 
serial code; this could include algorithm and implementation details.
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Can parallel processing be implemented to maximise the potential processing 
power without adversely affecting other computer users? Within a FSE's office 
environment other users will be using computers that could potentially be used as 
part of a parallel processing job. Methods need to be devised that ensure that 
neither the FSE using parallel processing of other computer users are adversely 
affected by each other.
1.4 Objectives
The objectives of this research were to answer the above research questions about the 
performance of CFD based fire modelling codes.
1.4.1 Can a suitable benchmark/standard for CFD based fire-modelling 
codes, which is free from manufacturer and user bias, be produced?
The objective here is to create a standard/benchmark procedure that would be useful 
to FSEs, approval authorities, and CFD code producers to assess the suitability of a 
particular code for fire modelling. A number of suitable test cases need to be selected 
to appropriately test the basic features of the CFD software and the application of that 
software to fire modelling. A methodology needs to be devised to eliminate, or at least 
reduce, the influence of the user in setting up and running the test cases. An 
appropriate scheme is also required to allow users / developers to demonstrate that 
their software has qualities that differentiate it from other software available for fire 
modelling. This work should also help demonstrate that not just particular software 
products but the underlying CFD methodology can be trusted.
1.4.2 Can parallel processing techniques be usefully applied to standard 
office based PCs to increase the computational power available to a 
FSE for the purposes of CFD based fire modelling?
The objective is to create a parallel CFD based fire field code that would run on 
standard office based PC equipment and be of benefit to a FSE. This parallel code 
should be a faithful reproduction of the original serial code. The code will be tested on 
a number of different possible PC network configurations, including homogeneous 
and heterogeneous networks, where a homogeneous network is composed of
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'identical' machines and a heterogeneous network is composed of different machines. 
The performance of the code on a number of different test cases will be analysed to 
show the potential benefits and shortcomings of using parallel processing techniques 
on office based machines. As the code is designed to work on heterogeneous 
networks, a dynamic load-balancing scheme will also be devised to intelligently share 
the computational load amongst the computers. This load balancing scheme will also 
work interactively ensuring that computer resources are used fairly between the FSE 
and other possible computer users. An investigation of the source code will be 
undertaken to try to improve the performance of the serial code that would also 
improve the performance of the parallel code. The code should also allow maximum 
utilisation of the available memory of the machines in the parallel network.
1.5 Structure of Thesis
Chapter 1. This chapter has enumerated the research questions posed about the 
performance of Fire modelling CFD codes and the objectives of the work during this 
investigation.
Chapter 2. This chapter gives a more in depth background to the performance issues 
raised in chapter 1. An overview of fire modelling is given with reference to work 
related to the FIRED ASS project including water mist modelling. Then a review of 
material relevant to the validation, verification and benchmarking of CFD fire field 
models is given. The last part of this chapter will detail the work relevant to parallel 
processing on office based PCs.
Chapter 3. This chapter details the equations and numerical modelling used by CFD 
techniques to solve fire modelling problems. The general conservation equation is 
detailed and methods of solving this equation by discretisation will be described. The 
SIMPLE solution method for the coupled equations of heat, mass, momentum and 
pressure will be detailed. Turbulence modelling will be described both in terms of the 
Reynolds average approach and for Large Eddy Simulation.
Chapter 4. This chapter will feature a practical example of fire modelling. The author 
performed this work as part of the FIREDASS project. The author was involved in the
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generation of a suitable fire and suppression model. The model was intended to help 
FSEs in the design of a water mist suppression system. The model will be compared 
against experimental data as part if the verification process. The full model will be 
demonstrated with a suppression control algorithm devised by Cerberus Guinard. Two 
important issues to arise from FIRED ASS were the reliability of CFD methods and 
the time taken to run a CFD simulation model. These issues provided the direction for 
the rest of the work contained in this thesis.
Chapter 5. In this chapter the procedures and test cases developed for establishing 
fire modelling standards, to raise confidence in CFD based fire models, will be 
detailed. Five basic CFD problems and five fire scenarios have been selected and will 
be described. The two phase nature of the standard will be detailed. Phase 1 of the 
standard requires all the code to reach a common standard by utilising a common 
specification. Phase 2 is free format allowing the modellers to model the problems 
using the more advanced features of their models if they wish.
Chapter 6. The results of applying the phase 1 standards, established in Chapter 5, on 
three commercial CFD codes will be given. These three codes were PHOENICS, CFX 
and SMARTFIRE. The results of applying the phase 2 standards, established in 
Chapter 5, using the SMARTFIRE fire modelling code are described.
Chapter 7. Details of the parallel CFD code developed to be used on conventional 
office hardware will be given. Both the shared memory and distributed memory 
methods of parallelism will be investigated. The domain decomposition strategy was 
employed to distribute the fire modelling problem between the computers. This 
introduces the concepts of load balancing and re-numbering which are explained in 
detail. The effects of parallel processing on the implementation of the SMARTFIRE 
CFD code are described.
Chapter 8. Results produced by the parallel CFD codes developed in the previous 
chapter will be given. Initially homogeneous networks are considered and illustrate 
the possible time savings that can be achieved using parallel processing techniques on 
conventional PCs. A dynamic load balancing mechanism is developed that allows a 
FSE to maximise the potential processing power available from a heterogeneous
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network of computers. The dynamic load balancing mechanism also accounts for 
other computer users exploiting the same resources as the FSE and results from 
testing this will be given. Memory usage and the future of parallel processing will be 
explored. A case study on the possible benefits of parallel processing to a FSE is 
performed.
Chapter 9. Conclusions from the work done will be offered. Have the questions 
raised in chapter 1 been answered?
Chapter 10. Suggestions for areas of further work will be suggested.
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2 Background and Literature Review
In this chapter the background to the performance issues raised by FSEs in chapter 1 
will be detailed. Initially a brief review of CFD fire modelling is given. The 
FIRED ASS model is described as a practical example of fire modelling in a later 
chapter (chapter 4) and therefore material relevant to water mist modelling is also 
briefly described. Literature directly relevant to the main issues of this thesis is then 
described. The main performance issues are the benchmarking of CFD based fire 
modelling codes and the use of parallel processing on office based equipment to 
reduce wall clock times of CFD based fire modelling codes.
2.1 Fire Field modelling
Simulation of fire growth and spread within enclosures is a difficult task. The 
computer model must contend with the interaction between turbulence, gas-phase 
combustion, solid-phase combustion and radiation. Over the past 20 years considerable 
effort has been expended in developing fire field models capable of predicting the 
development of hazardous conditions within fire enclosures [MCI984, Gal 1989, 
SWJ1992, Coxl995, JGP1997, YH2001, MBR+2000, LSH+1999].
Many of the commercially available CFD based fire simulation models available utilise 
similar technologies, as described in chapter 3. These include PHOENICS [RST1983], 
JASMINE [CK1986], SOFIE [Rubl997, LMR1997, SRM1999], SOLVENT 
[LSH+1999] and SMARTFIRE [GKP+1999]. All these codes numerically solve the 
Reynolds Averaged Navier Stokes equations of transient fluid flow using a variant of 
the SIMPLE algorithm and utilise a buoyancy modified k-£ turbulence model. They all 
include some form of radiation modelling.
Two CFD codes used for fire modelling that are not based on the SIMPLE algorithm 
are NIST's FDS code [MBR+2001] and ANSYS's CFX [CFX2003]. CFX does not use 
the SIMPLE algorithm, but rather a coupled algorithm [Raw 1994, Raw 1996, 
CFX2003].
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PHOENICS is a general purpose CFD code, developed by CHAM, which has been 
applied to fire modelling [Watl986, KMG+1994]. PHOENICS possesses a variety of 
turbulence and gaseous combustion models. It is able to solve problems using Body 
Fitted Co-ordinates (BFC) grids. Radiation is modelled using a six-flux radiation model. 
PHOENICS was also used as a basis of development for the JASMINE code.
JASMINE is a long established fire field model, developed by the UK Fire Research 
Station (FRS), with an extensive validation history in fire modelling [KHC1985, 
CKM1986, PWC1989, FKE+1993, MC1996, MKC1999]. It features a number of sub- 
models for combustion and solid body heat transfer. It has been applied to a number of 
scenarios including warehouses [MCI996], hospital wards [KHC1985] and an air- 
supported structure [PWC1989]. The model is limited to orthogonal co-ordinate 
meshes. Radiation is modelled using a six-flux radiation model.
SOFIE is a model developed by a European consortium including the UK FRS, 
Technical Research Centre of Finland, Swedish National Testing and Research 
Institute, CSTB, Lund University, Health & Safety Laboratory and the Home Office 
Fire Safety Engineering Group and Cranfield University. This model incorporates the 
use of non-orthogonal curvilinear coordinates and also includes a laminar flamelet 
model and fire spread models. Radiation is modelled using the Discrete Transfer 
method.
SOLVENT is a model developed specifically for modelling fires in tunnels and includes 
special features such as the modelling of jet fans and other ventilation features of a 
tunnel. The model was developed from Phase IV of the Memorial Tunnel Fire 
Ventilation Test Program and has been validated against data from that program. 
Although the software is based on a staggered mesh discretisation it was unclear 
whether or not it could use BFC co-ordinate systems. Radiation is modelled using the 
six-flux model
CFX, developed by ANSYS Inc., is a general purpose package [RAW1994, 
RAW 1996, CFX2003] that has been used for fire modelling. The CFX model has a 
number of features including unstructured or structured meshing, a coupled multigrid
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solver, parallel processing, a number of gaseous combustion models (including EDM 
and flamelets), turbulence models (including LES and DES), radiation models 
(including Monte Carlo and Discrete Transfer), CHT (Conjugate Heat Transfer), and 
user Fortran utilities. CFX has been applied to fire problems, e.g. [SWJ1992, 
JEI+1997, Sin2000, SSEW2001, Sin2003], including the Millennium Dome and the 
King's Cross fire accident [SWJ1992]. Early versions of the software were named 
FLOW3D, CFDS-FLOW3D or HARWELL-FLOW3D, and were developed when the 
team was part of AEA Technology.
The Fire Dynamics Simulator (FDS) model [MBR+2001] produced by the National 
Institute of Standards and Technology (NIST) and is freely distributed. The FDS 
software uses an explicit predictor-corrector method and uses Large Eddy Simulation 
(LES) [Smal963] to model the turbulence. It features a novel thermal element method 
for spreading heat from a fire source. It also contains combustion and radiation models.
The majority of practical fire modelling applications has been concerned with the 
spread of heat and smoke in complex structures and so combustion has either been 
ignored or greatly simplified. In cases where combustion is ignored the fire is treated as 
a simple prescribed volumetric source of heat and smoke. While this approximation 
may appear crude it can produce good agreement with experimentally derived 
temperature measurements [KMG+1994, KGHP1994, WJG+2000] for room fire 
scenarios.
Although the volumetric approach can be useful sometimes it is necessary to more 
accurately model the combustion process. This is particularly important when trying 
to model near field fire plumes [Kum2001, Jia2001]. The combustion model used 
within the SMARTFIRE field model will be described in section 3.8. Generally, if 
combustion is included, it is approximated using relatively simple one-step reaction 
mechanisms [YCL1995, KGC1991] for liquid or gaseous fuels such as methane.
While solid fuel pyrolysis models [YH1996; JGP1997; JGP1999] have been 
developed and incorporated into fire field models to simulate fire spread over flat 
solid fuel surfaces within compartments, it is difficult to use these pyrolysis models 
for complex mixtures of fuels such as may be found in aircraft cargo holds full of
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luggage or in warehouse structures. In most practical engineering calculations, the 
conventional handling of this difficulty is to use the volumetric heat source model. In 
this it is assumed that the total heat released from the fuel source is released within a 
prescribed volume and the heat release rate is provided from experimental data or 
empirical relations. In other words, the model assumes that the mass loss due to the 
fuel burning, and the ensuing chemical reaction between the combustible pyrolysis 
products of the mass loss processes and oxygen, only take place in the prescribed 
region and outside this region there is no chemical reaction. In practice it is difficult to 
estimate the size and location of the prescribed heat release region even though the 
size and location of the fuel source is generally known. Furthermore, the combustible 
pyrolysis products released from the fire source may be transported outside the 
original region of the solid fuel and combustion may also occur outside of this region.
In these types of models, in addition to representing the heat release rate as a source 
term, it is also possible to treat the other fire products such as smoke, CO, etc as an 
imposed time dependent volumetric source term.
2.2 Water mist modelling
The modelling of water mist is a multiphase problem and could be modelled using 
either an Eulerian-Lagrangian or an Eulerian-Eulerian methodology within a CFD 
framework. In the Eulerian-Eulerian method, the mist is represented as an 
interpenetrating continuum in the air phase. A number of phases would be required to 
represent a range of different droplet sizes involved in the mist, each of these phases 
requiring at least a volume fraction, three momentum and enthalpy equations to 
represent it. These equations could then be solved and coupled using the IPSA method 
[Spal983]. This method has been used in the past to model sprinkler systems 
[HGM1989, Has 1996] and fluidised beds [PC 1989, GDI 1990] for example.
Hoffman et al [HGM1989] utilised the Eulerian-Eulerian method to model sprinklers 
in a hospital ward. Only one phase was used to model the water droplets, due to the 
limitations of the computing resources at that time. This assumption is reasonable for 
large droplets with small changes in diameter. This would not be the case with a fine 
water mist where evaporation is a major component in cooling the fire environment.
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Therefore this method has the disadvantage of requiring a lot of computation due to 
the number of phases that would be required to reasonably represent the range of 
droplet sizes within a mist.
Prasad et al [PLK1999] utilised the Eulerian-Eulerian methodology to model the 
suppression effects of a fine water mist on a theoretical small-scale ethanol pool fire. 
The domain measured 9.5cm in width and 64.0cm in height; the flame heights were 
approximately 2-3cm high. The pool fire was modelled using a sophisticated 
combustion model that allowed the suppression to be fully modelled. They found that 
the finest water mist gave the best suppression of the pool fire. The model was two- 
dimensional and they used five droplet size ranges to represent the mist. Their model 
typically took 10 hours to run on a single processor of a Cray C90.
In Eulerian-Lagrangian modelling the air phase is treated as a continuum but the mist 
is treated as a number of discrete particles that are tracked through the air phase. The 
main advantage of this approach is the ease of representing droplet sizes, velocity and 
temperature distributions compared to the Eulerian-Eulerian approach. The droplet 
phase is coupled to the air phase using the PSIC method of Crowe et al [CSS1977]. 
This method has been used to model water sprays from sprinkler systems [Alp 1984, 
Alpl985, CF1991, Bill993, Naml996, KHL1997, Naml999, HKKX2002]. A mist 
would consist of the order of 107 to 108 individual particles and would make it 
impossible to model such a system. To make the problem tractable a single particle 
actually represents an ensemble of thousands of similar particles. Other workers have 
also used the Eulerian-Lagrangian modelling approach in water mist suppression 
work [SSEW2001].
Sinai et al [SSEW2001] have developed a generalised fine water mist model which 
has been applied to halon replacement on warships in collaboration with the Warship 
Support Agency. Their model differs in a number of ways to the FIRED ASS model 
although both are based on CFX and both utilise a PSIC [CSS1977] method to model 
the mist. They model radiation using a discrete transfer method; FIREDASS uses a 
six-flux radiation model. From the published material it is unclear how their misting 
nozzles work. In the FIREDASS work the nozzles are two phase with the water being 
forced through the nozzle with a gas propellant, this has important implications on
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how to model the nozzle. Sinai et al model combustion and pyrolysis of a heptane 
pool fire allowing the suppression to be modelled by the reduction in pyrolysis rate. 
FIRED ASS uses a more simple heat release model and empirical criterion to 
determine extinguishment based on experimental data for propane, kerosene and 
cardboard box fires [Wig 1998]. Sinai performed a mesh sensitivity analysis using a 
very coarse mesh (9212 hexahedral cells) and a fairly fine mesh (101304 hexahedral 
cells). With a coarse mesh the fire was extinguished by the model, with a fine mesh 
the fire was not extinguished but controlled by the model. It was not surprising to find 
mesh sensitivity, a common feature of CFD codes, with the finer mesh being closer to 
reality as experimentally it was found that the fire was not extinguished but controlled 
by the water mist.
2.3 Assessment of Fire models
A number of publications concerning the assessment of fire models have been 
previously written and will be described in the following section. The purpose of the 
work in this thesis is not to try to address the whole assessment issue but to 
concentrate on a procedure that will reduce, and hopefully eliminate, user bias from 
the verification and validation of a CFD based fire model.
According to Kumar and Cox [KC2001] an evaluation of a fire model should address 
the following three aspects:
1) Scientific content, e.g. the representation of the important physical and 
chemical processes, the formulation of a mathematical problem and its 
solution in the model
2) Validation and Verification performed on the model using experimental and 
analytical data.
3) Practical realisation of the model, this includes Human Computer Interaction 
(HCI) issues including the user interface. This could also include software 
engineering issues
This is essentially the approach followed by a number of workers [ISO 1999, 
Beal997]. In this thesis the primary interest is in the verification and validation of 
CFD based fire models in an objective manner from the point of view of an approval
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authority. Points 1 and 3 are beyond the scope of this thesis; these issues are described 
by other workers [ISO1999, Beal997].
2.3.1 Verification and Validation of fire models
In the literature there are three broad categories of work related to the verification and 
validation of fire models.
(1) Comparison of a fire model with experimental / analytical data.
(2) Methodologies for validating and verifying fire model performance.
(3) Uncertainty.
These categories are not rigidly defined and many publications may refer to more than 
one category.
2.3.1.1 Comparison of fire models with experimental data
Beard [Bea2000] has described three forms of fire model comparison with 
experimental data. These are A Priori, Blind and Open comparison with experiment.
In A Priori comparison the modeller has no access to the experimental test results and 
no access to experimentally derived quantities such as mass loss rate or heat release 
rate. Furthermore there can be no a posteri adjustment to input parameters. The 
modeller must choose an appropriate set of parameters before details of the 
experimental results are known.
In Blind comparison the modeller has no access to the experimental test results but 
may have access to data such as mass loss rates or heat release rates. If this type of 
data is used it should be explicitly stated. As with A Priori testing the input 
parameters must be set before the comparison results are known. In some 
circumstances it may not be possible to test in an A Priori manner and therefore blind 
testing has to be adopted. For example it would be impossible to model fire induced 
flows from a gas burner without knowing the fuel supply rate.
In Open comparison the modeller is assumed to have full knowledge of the 
experimental test results. This may influence the modeller's choice of input 
parameters.
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Generally speaking most of the comparison performed is Open with very little 
performed in the Blind and A Priori categories. This is hardly surprising as most of 
the comparison / validation work of a fire model is conducted by the author of the fire 
model. Beard describes the need for more A Priori and Blind comparison as these are 
more representative of a fire model's use by a FSE.
2.3.1.1.1 Examples of open testing
Validation and verification of individual CFD based fire models occurs in some form 
or other. However a lot of this work is carried out by the code vendors themselves and 
must therefore be judged with caution, as a vendor is hardly likely to publish any 
adverse results. Much published work in validation is concerned with comparing a 
single CFD software product with experimental data. These have included tunnel fires 
[FV1994, KC1985, Rhol996, YCL+2001, LSH+1999], forced ventilation enclosures 
[CK1986], naturally ventilated enclosures with fire induced flows [KGHP1994, 
BK1996, Satl985, YCL+2001], aircraft cargo bays [GGPM1998a] and large scale 
enclosures [PWC1989, Tub 1994, MCI996]. Generally this work lacks some of the 
details necessary to verify their findings.
2.3.1.1.1.1 Independent comparison of more than one CFD based fire model -with 
experimental data
Some independent testing has been performed in the past comparing the results of 
more than one model on the same problem [KMG+1994, Cuml991, PB1996]. 
Kerrison et al [KMG+1994] compared PHOENICS and Flow3D (now known as CFX) 
against the experimental data of the Steckler Room experiments [SQR1982]. Both of 
the models were set up using the same computational mesh to try and ensure 
consistency in the comparison. However they did not solve the problem in the same 
way. The Flow3D (CFX) model was solved using 200 time steps of Is. After 200 
time-steps it was determined that the simulation had reached a steady state. The 
PHOENICS model was simulated as a steady state problem from the beginning so no 
time stepping was used. Both approaches were valid but demonstrate that expert users 
may adopt different approaches. They concluded that both models gave reasonable 
agreement with the experimental data. Pehrson [PB1996] compared five CFD codes;
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Flow3D (now known as CFX), TASCFlow, PHOENICS, Jasmine and SOFIE against 
the Steckler room fire experiments. He found good agreement with the central door 
line velocity profile, however there were differences of about 30% for the temperature 
profiles.
2.3.1.1.2 Examples of A Priori and Blind Testing
There has been very little in the way of a priori and blind testing carried out on CFD 
based fire model. Some examples of a priori and blind testing are given below.
2.3.1.1.2.1 Review of Beard  "Evaluation of Deterministic Fire Models "
During 1989 and 1990, Beard performed an evaluation of deterministic fire models 
[Beal992] sponsored by the UK home office. Beard tested four fire models. Three of 
these were zone models, ASET, HAZARD and FIRST. The remaining model was a 
CFD based fire model, JASMINE. The evaluation was conducted in two parts, a 
qualitative and a quantitative study. The qualitative study examined the assumptions 
of the model, the limitations of the model, the input required, the output that would be 
produced and a review of any existing literature of model comparison with 
experiment. The quantitative phase applied the models to three different fire 
scenarios. These fire scenarios were:
  A single room fire - polyurethane foam slab fire in domestic sized room
  House fire - armchair fire in lounge / dining room of 2-storey house
  Department Store fire - displayed furniture fire in centre of large sales area. 
The models were run to try to predict the air temperature, smoke obscuration and 
carbon monoxide levels as the fire progressed. These models were run in an a priori 
manner. However Beard found it difficult to draw any firm conclusions about the 
models from his work due to difficulties associated with the experiments (section 
2.3.1.3) and difficulty in determining the parameters that needed to be entered into the 
models in particular the zone models. He concluded that a Model Evaluation Group 
(MEG) should be established to approve (or not) models for particular applications. 
He further concluded that a methodology needed to be devised that could be applied 
to the models for evaluation purposes, see section 2.3.1.2.2.
2.3.1.1.2.2 Review ofFreitas - "CFD Triathlon "
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Although this work is not directed at fire modelling it does raise issues applicable to 
fire modelling. The CFD triathlon [Frel995] was designed to appraise users and 
potential customers of the capabilities of commercial CFD codes. The problems 
simulated were designed to be fairly simple, unambiguous and were rather academic 
in nature. Despite the simple nature of the problems involved Roache [Roal998] 
noted that some of the discrepancy [between model prediction and experiment] can be 
attributed to the skill of the modellers as well as codes {CFD programs}.
2.3.1.1.2.3 Canadian CFD society test case
Again this work is not directly relevant to fire models but is applicable to CFD models 
in general. This was intended to be an 'a priori' comparison of commercial and 
research CFD codes. There were a number of problems with this comparison. First of 
all the problem was underspecified and required experience and intuition of the 
modellers to fully specify the problem. Secondly, some of the modellers had 
identified that the results of the test case had actually been previously published. 
Rather unsurprisingly their results proved to be the best. Generally the model 
agreement with experiment was poor and agreement between different modellers 
using the same turbulence model was also poor.
2.3.1.1.2.4 Review of CIS W14 Scenario B
The CIB W14 is an informal workgroup consisting of informal group of 
approximately 75 voluntary fire expert members from 30 different countries working 
towards the use of performance based codes in building regulations. CIB was an 
abbreviation for "Conseil International du Bailment" which is now known as 
''''International Council for Research and Innovation in Building and Construction". 
The Round Robin for Code Assessment Scenario B conducted by CIB W14 
[HK1998] was an attempt to compare various computer models by blind and open 
testing against 3 experiments. This activity involved 9 zone models and 2 CFD 
models. The modellers were provided with all the details of an experiment including 
the geometry of the test rig, measurement locations, heat release rate, material 
properties, and ambient conditions. From this information, the modellers performed a 
simulation with no prior knowledge of the results. Scenario B consisted of 3 sub-
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scenarios. Sub-scenario Bl represented an industrial building with burning material 
concentrated in one location. B2 represented a shop or office with a thin layer of 
burning material uniformly distributed inside the compartment. B3 was an example of 
a fire that spread from one source to another in a low space, which could represent fire 
spread from one car to another in a tunnel.
No final report from this activity has been generated to date but the draft [HK1998] 
reported the following four conclusions :-
1) 'All of the computer codes could reproduce, even blindly, the main qualitative 
features of the experiments'
2) 'Quantitatively, there were deviations ranging from typically 20% up to a factor 
of 2.'
3) 'AH of the codes had features that indicated a discrepancy with the experimental 
data in the blind simulations, but which could be improved during the open round 
by choosing alternate submodels and/or changing optional parameters.'
4) 'Where several persons used the same code, the dependence of the results on the 
user was demonstrated. It was indicated very clearly, that the user is the most 
critical link in the chain of using computer fire simulation models for fire safety 
engineering. This was true even though this group represented code developers, 
and other well educated fire science/engineering practitioners. The effect is 
expected to be much more pronounced when the whole group of computer code 
users is considered. Therefore, actions should be started to develop user 
interfaces to optimize the use of computer fire codes. This might include data 
banks and other auxiliary tools to help select appropriate models, input data and 
prevent the use of unsuitable models or data and prevent the use of unsuitable 
models or data. The results of these comparisons are not sufficient to provide 
much guidance on determining these limits. But they should start to motivate the 
development of simple user friendly, mainly graphical, tools for user interfaces.'
Points 3 and 4 clearly raise concerns over the validation method because of problems 
of the user. Why were the initial submodels and optional parameters not chosen 
correctly for the blind testing? Surely 'tuning' results a posteriori should be regarded 
with a degree of suspicion? The bias caused by the user is problematic making the
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cause of a computer model's failure difficult to determine, i.e. was it the user or the 
software at fault. These issues need to be addressed in any future validation exercises.
This activity probably also suffered from a competition orientated approach. Each 
group was probably more interested in proving that their software was best, than in 
reaching any agreed standard.
Miles et al [MKC1999] describes the comparison obtained between JASMINE and 
the CIB W14 tests. They report that their work is probably the first truly blind test of a 
CFD fire model. They concluded that the model was fit for the purpose of predicting 
gas phase conditions to better than 15% in a flashed over enclosure of the dimensions 
used within the study. They further described that the one dimensional solid heat 
conduction approximation used in the model was inadequate for the scenario 
modelled.
2.3.1.1.2.5 Review ofDey - 'Evaluation of Fire Models for Nuclear Power Plant 
Applications: Cable Tray Fires'
This document [Dey2002] detailed the results of the first task of an international 
collaborative project concerned with the use of fire modelling software within the 
nuclear industry. There were twenty two organisations from six countries participating 
in the collaborative project.
The first task was to evaluate the capability of fire models to analyze cable tray fires 
of redundant safety systems in nuclear power plants.
The following procedure was adopted for the benchmark exercise:-
  Analysts should discuss and agree on the input data for the various fire codes 
that will be used in the benchmark exercise. The goal is to analyze the same 
problem and minimize the variation of results due to the different input 
parameters
  The form of the results to be compared should be agreed upon by the 
participants prior to the commencement of the exercise.
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Developers of the fire codes, and those not involved in the development of the 
codes, can conduct the code analyses for the benchmark exercise
  Blind simulation will be conducted, i.e., each analyst will independently 
conduct his or her analyses. The results will be shared between the 
participants when all the analyses by participants have been completed and 
the results are available. The results will be shared between participants when 
all the analyses by participants have been completed and the results are 
available. The results will be simultaneously posted on the collaborative 
project web portal prior to a meeting of the participants.
  If desired, the same code (e.g. CFAST) can be used by different organisations 
since this will provide useful information on whether the results vary with 
different users. However, the same version of the code should be used.
  A series of benchmark exercises will be defined and conducted in this project. 
This will allow the evaluation of the full spectrum of fire model features and 
applications, and facilitate the formation of a comprehensive technical 
reference for users on the capabilities and limitations of current fire models.
 .-
! .' -:  
'.     
'The international panel determined that the analyses of the results 
of the benchmark exercise demonstrated that current zone, CFD, and lumped 
parameter fire models provide a comprehensive treatment of most physical 
phenomena of interest in the scenarios analyzed. The results indicate that the trends 
predicted by the sub-models are reasonable for the intended use of the models for 
analyzing the specified scenarios'. 
Table 2-1 - Results from part I base case of Cable Tray Fires
1
2
3
4
5
6
7
8
9
10
A
19.0
19.3
19.9
22
19.3
19.9
B
3.6
4.7
2.2
0.3
C
1770
2057
1444
961
975
210
46
600
D
0.54
0.59
0.41
0.39
0.4
0.35
0.08
E
1.37
0.82
1.83
1.37
0.3
F
359
357
347
336
336
449
349
400
400
360
G
1330
1257
1839
472
4287
1197
210
H
317
322
319
312
333
360
I
303
301
300
301
310
300
2.3.1.2 Methodologies for verification and validation
mFigure 2-1 - Phased validation process
1. Description of the model and the state-variables it is intended to predict.
2. Initial examination of the documentation provided by the producer of the 
model.
3. Identification of conditions of applicability for which the model is likely to 
have the potential to be valuable (i.e. building and occupant characteristics). 
As an initial consideration, the conditions of applicability as specified by the 
model developer may be taken. This may be altered during subsequent 
iterations of the procedure.
4. Examination of conceptual assumptions in relation to 1 and 2 above (e.g. the 
physics / chemistry etc.).
5. Examination of the numerical assumptions implicit within the model in 
relation to 1 and 2. (i.e. without those which a user may insert or alter).
6. Examination of the numerical solution techniques employed: conceptual and 
numerical aspects.
7. Examination of the source code of the program and the software as a whole. 
Assessment of the likelihood of errors.
8. Assessment of the likelihood of hardware faults for the types of computers on 
which the program might be used.
9. Sensitivity study of the model.
10. Comparison between theoretical predictions and empirical data
a. Assessment of uncertainty /flexibility within the available appropriate
experimental data, 
b. Comparison with the results of replicate sets of experimental tests.
Both a priori and a posteriori comparisons should be carried out. 
c. Comparisons between theoretical predictions and other sources of
empirical data; e.g. from a real fire.
d. Assessment of the ability of the model to predict quantitative results 
e. Assessment of the ability of the model to predict qualitative results (e.g.
trends).
11. Assessment of the limitations of the model in the light of the foregoing 
considerations.
12. Identification of the conditions under which the model may have the potential 
to be valuable.
13. Assessment of the documentation in the light of the foregoing considerations 
(Return to Step 1.)
a) guidance on the documentation necessary to assess the adequacy of the 
scientific and technical basis of the model;
b) a general methodology to check a model for errors and test it against 
experimental data;
c) guidance on assessing the numerical accuracy and stability of the numerical 
algorithms of a model;
d) guidance on assessing the uncertainty of experimental measurements against 
which a model's predicted results may be checked;
e) guidance on the use of sensitivity analysis to ensure the most appropriate use
of a model. 
1) review of the theoretical basis of the model;
2) code checking;
3) analytical tests;
4) inter-model comparison;
5) empirical validation.
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Figure 2-2 - Comparison of predicted and experimental temperatures above gas 
burner 
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Figure 2-3 - Comparison of predicted and experimental far field temperatures 
[Jia2001]

2.4 Parallel Processing using Standard PCs
Figure 2-4 - Shared memory Parallel Processing architecture
Figure 2-5 - Distributed Memory parallel processing architecture

& 
Figure 2-6 - Parallel Speedup performance for Pentiumll/III network [LT2001]




3 Mathematical Modelling
3.1 The General Conservation Equation
Numerical procedure
Discretisation scheme
V S
Figure 3-1 - A finite difference grid
Figure 3-2 - Structured Grids
Figure 3-3 - An unstructured grid
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Table 3-1 - Table of Differencing Schemes
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3.4 The momentum equation
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3.5 The mass continuity equation
Enthalpy
Turbulence model
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3.10 Staggered and Co-located meshes
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3.12 Boundary conditions

3.12.2.2 Enthalpy Equation
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4 The development of a CFD based simulator for water 
mist fire suppression systems (FIREDASS)
4.1 Introduction

4.2 Structure of the FIREDASS Computational Model
Figure 4-1 - Interactions between FIREDASS submodels.

4.3 The Fire and Radiation Submodels


4.4 Validation of the Fire and Radiation Submodels
Figure 4-2- Schematic of SINTEF test compartment.
Figure 4-3 - Diagram showing instrumentation of SINTEF test compartment.

Figure 4-4 - Mesh on the symmetry plane for 02HS problem.

Figure 4-5- 02HS case. Predicted and measured temperature variation at T12
(near floor and doors).
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Figure 4-6 - 02HS case. Predicted and measured temperature variation at T18
(near ceiling and doors).
Figure 4-1 - 02HS case. Predicted and measured temperature variation at T36
height and central).
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Figure 4-8 - 02HS case. Predicted and measured CO2 variation at the chimney.
Figure 4-9 - 02HS case. Predicted and measured COi variation in the room at
location Gl.
Figure 4-10 - 02HS case. Predicted and measured Oi variation in the room at
location Gl.
Figure 4-11 - 02HS case. Predicted and measured H2O variation in the room at
location Gl.
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Figure 4-12 - Heat release rate for kerosene pool fire.
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Figure 4-13 - 05PM case. Predicted and measured temperature variation at T12
(near floor and doors).
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Figure 4-14 - 05PM case. Predicted and measured temperature variation at T18
(near ceiling and doors).
Figure 4-15 - 05PM case. Predicted and measured temperature variation at T36
height and central)
C(>2 
Figure 4-17 - 05PM case. Predicted and measured COi variation at room
location Gl.
Time (seconds)
Figure 4-19 - 05PM case. Predicted and measured Oi variation at room location
Gl.
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Figure 4-20 - 05PM case. Predicted and measured CO variation at the chimney.
Figure 4-21 - 05PM case. Predicted and measured smoke variation at the
chimney.

Time (seconds)
300
Figure 4-22 - Heat release rate for three box fire.
Figure 4-23 - 06BXB case. Predicted and measured temperature variation at T12
(near floor and doors).
Time (seconds)
Figure 4-24 - 06BXB case. Predicted and measured temperature variation at T18
(near ceiling and doors).
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Figure 4-25 - 06BXB case. Predicted and measured temperature variation at T36
height and central)
Figure 4-26 - 06BXB case. Predicted and measured CO2 variation at room
location Gl.
Figure 4-27 - 06BXB case. Predicted and measured O2 variation at room location
Gl.
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Figure 4-28 - 06BXB case. Predicted and measured CO variation at room
location Gl.
Time (seconds)
Figure 4-29 - 06BXB case. Predicted and measured CO variation at the chimney.
Time (seconds)
Figure 4-30 - 06BXB case. Predicted and measured water vapour variation at
room location Gl.
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Figure 4-31 - 06BXB case. Predicted and measured smoke variation at the
chimney.
4.5 Mist Model
Figure 4-32 - PSI flow diagram
4.6 FIREDASS Suppression model
Table 4-1 - SINTEF suggested values for extinguishment criterion
Figure 4-33 - 2D representation of suppression zone within a CFD fire scenario
Figure 4-34 - Suppression zone with leaning plume

Figure 4-35 - Oxygen concentration and extinguishment criteria Vs time using
SINTEF measurement points for 02HS
Figure 4-36 - Oxygen concentration and extinguishment criteria Vs time using
localised zone for 02HS
Table 4-2 - Comparison of extinguishment for 02HS
Figure 4-37 - Recirculation of hot air in SINTEF chamber 
4.6.3.2 6BXB case
Figure 4-38 - Oxygen concentration and extinguishment criteria Vs time using
SINTEF measurement points for 06BXB
Figure 4-39 - Oxygen concentration and extinguishment criteria Vs time using
localised zone for 06BXB
Table 4-3 - Comparison of extinguishment for 06BXB
Figure 4-40 - Oxygen concentration and extinguishment criteria Vs time using
SINTEF measurement points for IIHS
Figure 4-41 - Oxygen concentration and extinguishment criteria Vs time using
localised zone for IIHS
Table 4-4 - Comparison of extinguishment for 11HS

4.7 DLR Model Prediction
^vapour 

Table 4-5 - Summary of DLR test 
Figure 4-42 - Plan view of DLR 1/4 Chamber
4.7.2.2 Results and discussion
Figure 4-43a/b - (a) Experimental comparison of T2, T8 and T9 at thermocouple 
Fl and (b) same comparison with computed results at thermocouple Fl
Figure 4-44a/b - (a) Experimental comparison of T2, T8 and T9 at thermocouple 
F8 and (b) same comparison with computed results at Thermocouple Fl
4.7.2.3 Detection / Activation sequence
Figure 4-45 - Nozzle activation sequence for Experimental T8 (supplied by DLR)
Figure 4-46 - Nozzle activation sequence for Computed T8
Table 4-6 - Comparison of water used by the computed and experimental T8
case.
4.8 Concluding remarks



5 Fire Modelling Standards/Benchmark
5.1 Introduction

THE SOFTWARE PRODUCTS (SP)
BENCHMARK PROCEDURES

5.4 CFD cases
Figure 5-1 - Backward facing step configuration
Figure 5-2 - Turbulent long duct flow configuration
Figure 5-3 - Expanding duct with symmetry line indicated
Figure 5-4 - Configuration for buoyancy flow in a duct
5.5 Fire cases
Figure 5-5 - Configuration of Steckler room
Figure 5-6 - Configuration of open fire with lid
Figure 5-7 - Depiction of fire compartment geometry showing location of fire
source.
Table 5-1 : Loss rate for LPC fire test case.
6 Fire Modelling Standards/Benchmark results
1 Phase 1 testing regime
Figure 6-1 - Backward facing step configuration
Figure 6-2 - Velocity profile 0.285m downstream of inlet for 2000-1-1
Figure 6-3 - Velocity profile at the outlet for 2000-1-1
Figure 6-4 - U Velocity along the duct lower wall 
Table 6-1 - Comparison of stagnation point for the CFD codes
Figure 6-5 - Turbulent long duct flow configuration
Figure 6-6 - Velocity profile at outlet for 2000-1-2
Figure 6-7 - Enthalpy profile at the outlet for 2000-1-2
Figure 6-8 - Expanding duct with symmetry line indicated
Figure 6-9 - U Velocity profile at the outlet for 2000-1-3
Figure 6-10 - Configuration for buoyancy flow in a duct
where 
Figure 6-11 - Turbulent fluctuations across y/H=0.5 for 2000-1-4
Figure 6-12 - Temperature variation along the y/H = 0.5 axis.
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Figure 6-13 Temperature variation along the x/L = 0.5 axis
Figure 6-14 - Variation of V-Velocity along y/H = 0.5
Figure 6-15 - Variation of normalised turbulent viscosity along y/H = 0.5.

0.1
Figure 6-16 - Emissive power against distance along x-axis for z = 0.5; y = 0.1
LLI
\f\f \f-af
Figure 6-17 - Emissive power against distance along x-axis for z = 0.5; y = 0.3
Figure 6-18 - Emissive power against distance along x-axis with z = 0.5; y = 0.5
6.1.2.1 2000-2-1 & 2000-2-2 - Steckler fire case
Figure 6-19 - Configuration of Steckler room
Figure 6-20 - Corner Stack temperatures produced using heat source model and
combustion model.
Table 6-2 - Approximate upper heat layer temperature for Steckler's room 
using Heat Source model (H) and Combustion model (C).
Table 6-3 - Approximate upper heat layer height, using uniform temperatures, 
for Steckler's room using Heat Source model (H) and Combustion model 
(C).
Table 6-4 - - Approximate upper heat layer height, using largest temperature 
gradient, for Steckler's room using Heat Source model (H) and 
Combustion model (C).
Figure 6-21 - Comparison of doorway temperatures for Steckler room
Figure 6-22 - Comparison of doorway velocity profiles for Steckler room
Figure 6-23 - Temperature contour plot produced by PHOENICS using the heat
source model
Figure 6-24 - Temperature contour plot produced by CFX using the heat source
model
Figure 6-25 - Temperature contour plot produced by SMARTFIRE using the
heat source model
Figure 6-26 - Temperature contour plot produced by PHOENICS using the
combustion model
Figure 6-27 - Temperature contour plot produced by CFX using the combustion
model
Figure 6-28 - Temperature contour plot produced by SMARTFIRE using the
combustion

Figure 6-29 - Configuration of open fire with lid
Figure 6-30 - Temperature profile O.lm below ceiling along centrally located x -
axis
Figure 6-31 - Temperature profile 0.3m below ceiling along centrally located x
axis
Figure 6-32 - Temperature profile through the centre of the fire plume
Table 6-5 - Variation of peak temperature between SPs for 2000-2-3
Figure 6-33 - CFX generated temperature contours through plume on central
vertical plane
Figure 6-34 - PHOENICS generated temperature contours through plume on
central vertical plane
Figure 6-35 - SMARTFIRE generated temperature contours through plume on
central vertical plane
6.1.2.3 2000-2-4 - CIB W14 case
Figure 6-36 - Depiction of fire compartment geometry showing location of fire
source
Figure 6-37 - Temperature history for Ta(l)
Figure 6-38 - Temperature history for Ta(3)

Figure 6-41 - Temperature history for Tb(3)
Figure 6-42 - Temperature history for Tc(l)
Figure 6-43 - Temperature history for Tc(3)

Figure 6-47 - SMARTFIRE predicted temperature contours through the vertical
central plane.
6.1.2.4 2000-2-5 - LPC007 case
Table 6-6: Loss rate for LPC fire test case.
Figure 6-48: Predicted and measured Corner Stack Temperatures at 1.5m (L) 
and 3.0m (H) above the floor for the LPC test case.
Q. 
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Figure 6-49: Predicted and measured Plume temperatures at 1.5m (L) and 3.0m
(H) above the floor for the LPC test case.
Figure 6-50 - SMARTFIRE plume at 300s
Figure 6-51 - CFX Plume at 300s
Figure 6-52 - PHOENICS plume at 300s



Phase 2 results

Phase 2 Results
Figure 6-53 - SMARTFIRE generated emissive power against distance along x- 
axis for z = 0.5; y = 0.1 using six-flux and multi-ray radiation models
LU
Figure 6-54 - SMARTFIRE generated emissive power against distance along x- 
axis for z = 0.5; y = 0.3 using six-flux and multiray radiation models
Figure 6-55 - SMARTFIRE generated emissive power against distance along x- 
axis with z = 0.5; y = 0.5 using six-flux and multi-ray radiation models
Figure 6-56 - Refined mesh for SMARTFIRE six-flux radiation model
Figure 6-57 - Comparison of SMARTFIRE radiation models with CFX radiation model
Figure 6-58 - Configuration of Steckler room


Figure 6-59 - Corner Stack temperatures produced using the various set ups for
SMARTFIRE.
Figure 6-60 - Comparison of doorway temperatures for Steckler room
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Table 6-7 - Approximate upper heat layer temperature for Steckler's room 
using the four SMARTFIRE configurations
Table 6-8 - Approximate height of the hot layer f for Steckler's room using
the four SMARTFIRE configurations
Table 6-9 - Approximate height of the hot layer f for Steckler's room (A74) using 
the four SMARTFIRE configurations (alternative definition)
Figure 6-61 - Comparison of doorway velocity profiles for Steckler room
Figure 6-62 - Temperature contour plot produced by SMARTFIRE using the
heat source model with phase-1 conditions
Figure 6-63 - Temperature contour plot for Case 2
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Please specify your convergence criteria including type of error estimator and tolerance 
value for each variable
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